Scale influences habitat selection. We used data from 30 global positioning system radiocollared lions (Panthera leo) collected between 2003 and 2007 in Hwange National Park, Zimbabwe, and information from 227 locations where lions had made kills, to assess how lions select habitat at 3rd-order habitat selection (selection of habitats within home ranges) and 4th-order habitat selection (selection of kill sites within the habitats used). Within home range, lions preferentially selected bushed grasslands and sites close to water holes, which are both characterized by high prey abundance. However, lions preferentially killed in thickets, where prey abundance was not the highest but where prey catchability may be higher because of dense vegetation. Our results support the suggestion that there are different determinants of habitat selection at different scales with prey abundance being the main driver of habitat selection at 3rd-order and prey catchability the main driver at 4rth-order habitat selection.
Habitat selection can be viewed as a hierarchical process (Johnson 1980) . Within their geographical range (1st-order selection), animals make choices for a home range within an available area (2nd-order selection), then select habitats where they spend most of their time within this home range (3rd-order selection), and finally select feeding sites within the habitats regularly used (this can be considered as a 4th-order selection). Scale influences the process of habitat selection (Boyce 2006; Ciarniello et al. 2007 ) and determinants of habitat selection at each spatial scale may differ. For territorial animals, even though territorial overlap sometimes exists (Kauffman et al. 2007) , it is now thought that home-range location within an ecosystem is mainly driven by intraspecific competition (Chase and Leibold 2003; Keddy 2001; Sommer and Worm 2002) . Within their home range, several factors impact an animal's choice of habitat, including the availability of resources on which to forage and to sustain reproduction (e.g., Yurewicz and Wilbur 2004) , suitability of habitat characteristics for protection against predation (e.g., Whittingham and Evans 2004) , intra-and interspecific interactions with other animals (e.g., Hughes et al. 1994; Palomares and Caro 1999) , and variation of dynamic environments across spatial and temporal scales (e.g., Switzer et al. 2003) .
Debate regarding proximal factors driving habitat selection in carnivores revolves mainly around 2 hypotheses: the prey abundance hypothesis and the prey catchability hypothesis. Under the prey abundance hypothesis, habitats are selected to include the highest proportion of prey abundance and homerange size is expected to be inversely correlated to prey density. Among felids, this hypothesis has been supported for bobcats (Lynx rufus) in Maine (Litvaitis et al. 1986 ), Iberian lynx (Lynx pardinus) in southwestern Spain (Palomares et al. 2001) , and African lions (Panthera leo) in Selous Game Reserve, Tanzania (Spong 2002) . Under the prey catchability hypothesis, carnivores are expected to select habitats for their environmental attributes, which influence the susceptibility of prey to predation and increase the probability of hunting success. This hypothesis has been supported for wolves (Canis lupus) in Banff National Park, Canada (Hebblewhite et al. 2005) , leopards (Panthera pardus) in Phinda Private Game Reserve, South Africa (Balme et al. 2007) , and lions in Serengeti National Park, Tanzania (Hopcraft et al. 2005) . These 2 hypotheses are clearly not exclusive, and undoubtedly interact in the selection of suitable habitat by carnivores.
African lions are despotically territorial but spatially egalitarian within their social groups. Males particularly will not tolerate the presence of noncoalition members in their territories (Heinshon 1997; Packer et al. 2001) . Hence, it is now commonly accepted that location of lion home ranges is influenced by the interactions of resident groups with their neighbors (Grinnell et al. 1995; Heinshon 1997; Heinshon and Packer 1995; McComb et al. 1993; Spong and Creel 2004) , and that habitat selection at this scale (2nd-order selection) secures a home range that will supply sufficient resources from competing groups within the ecosystem. Less is known on the processes driving habitat selection in lions at finer scales. This study thus investigates the environmental determinants of 3rd-and 4th-order habitat selection in African lions. Spong (2002) demonstrated that lion habitat preference within their home range largely reflects prey abundance. However, lions are considered opportunist, stalk-and-ambush hunters that use vegetative cover for concealment during hunting, and hence are expected to be more successful hunters where vegetation is dense (Funston et al. 2001; Packer et al. 2005) . A recent study demonstrated that lions seek prey accessibility rather than abundance and select habitats where they can ambush their prey (ambush habitat hypothesis- Hopcraft et al. 2005) . Furthermore, they require vegetative cover to conceal their cubs in the first 8-10 weeks of life (Packer et al. 2001; Schaller 1972) . Consequently, habitat features related to cover are expected to be important in lion habitat selection. In arid and semiarid savannas of Africa, the distribution of herbivores is constrained by the distribution of surface water, particularly in the dry season (Bergström and Skarpe 1999; Redfern et al. 2003; Western 1975) . Consequently, predators have a greater chance of encountering prey near water holes and, as a result, water sources are expected to be a key determinant of lion habitat selection. In this study, we investigated the role of both vegetation types and distance to water in habitat and kill site selection by lions.
Because of their requirements for large tracts of suitable habitats, large carnivores are vulnerable to habitat fragmentation and human population expansion. Understanding the processes of habitat selection in large carnivores is therefore crucial for the effective conservation of these emblematic species. This study thus aims at identifying the determinants of habitat selection (at the 3rd and 4th order) in African lions and exploring the relative importance of prey abundance and prey catchability. We used data from global positioning system radiocollared lions and lion kill sites in western Zimbabwe to test the hypothesis that prey abundance and prey catchability (i.e., vegetation characteristics) both drive habitat selection of lions, but that prey abundance drives 3rd-order habitat selection (selection of specific habitats within home ranges), whereas prey catchability is the main driver of 4th-order habitat selection (selection of kill sites).
MATERIALS AND METHODS
Study area.-The study was conducted in the northern sector of Hwange National Park (HNP), Zimbabwe (between 18u309S and 19u509S and 25u459E and 27u309E). The study area covers approximately 7,554 km 2 of dystrophic (lownutrient soil), semiarid woodland savanna (Rogers 1993) . Elevation varies from 800 to 1,100 m (Department of National Parks and Wildlife Management 1999). The long-term annual rainfall average is 613 mm but shows high interannual fluctuations (coefficient of variation 5 25.6%-Chamaillé-Jammes et al. 2006) . There is no perennial water in HNP, and no rivers traversed our study area, although in an average rainfall year rain-fed pans hold water for much of the year (Haynes 1996) . In the northern area of the park, water is artificially supplied to some water holes (,50) during the dry season (Department of National Parks and Wildlife Management 1999) . Three seasons are distinguished: wet (NovemberFebruary), early dry (March-June), and late dry (JulyOctober) seasons.
Lion data.-The lion population of the study area was monitored using 18 global positioning system radiocollared adult females in 14 prides and 12 global positioning system radiocollared adult males in 10 coalitions between 2003 and 2007. Lions were instrumented with global positioning system Simplex radiocollars (approximate weights: females 5 900 g, males 5 950 g; Televilt Positioning AB, Lindesberg, Sweden; see Loveridge et al. [2007] for details of capture and handling). Relevant animal care protocols were followed during capture and collaring of lions (Wildlife Drugs Subcommittee of the Drugs Control Council of Zimbabwe and Zimbabwe Veterinary Association, Wildlife Group, A11/04 and license to acquire, possess and administer game capture drugs/dangerous drugs, 2004-2007/20) , and approval received from the appropriate agencies (Zimbabwe Parks and Wildlife Management Authority, 23(1) (c) (II) 03/2002-2007) . All capture and animal care followed the guidelines approved by the American Society of Mammalogists (Sikes et al. 2011) . Because lions form cohesive groups (Schaller 1972) , data from global positioning system collars were assumed to represent movement of the group in which the collar was deployed (preliminary analyses revealed that lionesses from the same pride stay together most of the time in HNP, with females from a pride sighted together in 89.2% 6 (SD) 7.4% of sightings). Where 2 collars existed in 1 group, these were temporally consecutive with brief temporal overlap, and data from 1 collar was used per group at any time. For each animal, 1 location was available hourly from 18 h to 7 h, and positional data were downloaded at regular intervals.
Potential kill sites were extracted from a subset of the movement data for the period between 2005 and 2007. Although 30 individual lions were monitored with global positioning system radiocollars during the study (18 females and 12 males), it was not possible to collect kill site samples continuously from all study animals because of time and effort required to acquire kill site data (all potential kill sites were investigated on foot and some were difficult to access). There also were frequent territory tenure changes among male lions, due to trophy hunting-related mortality (Loveridge et al. 2007) , and as a result only 3 males were available for continuous data collection. Some females also were affected by turnover of males and so were difficult to monitor continuously (Davidson et al. 2011) . Hence, potential kill sites were identified using cluster analysis on hourly data (see also Sand et al. 2005 ) from 11 global positioning system radiocollared lions (3 males and 8 females). Potential kill sites were identified as stoppage events or clusters of location coordinates including 4 h of sequential locations within a defined proximity (150 m). Sites were classified as kill sites based on the presence of a carcass or gut contents of prey. Notwithstanding the fact that lions had visited the site as identified by their location data, every effort was made to qualify kills as lion in origin using a suite of supporting indicators including: lion tracks, hair and feces, indications of a struggle visible in broken and trampled vegetation, positioning of the carcass remains, and the condition of prey hide bearing claw and bite marks typical of lion handling.
Environmental data.-We used a detailed vegetation map of HNP (Rogers 1993) to classify habitat types according to vegetation structure. Rogers (1993) defined 11 groups of vegetation type that were classified into 9 physiognomic classes. Although the physiognomy of each vegetation type is variable, they usually comprise a dominant structure (Rogers 1993 (Rogers , 1994 , allowing a more generalized grouping of vegetation types more suited to detecting a response in our analyses.
We defined 5 habitat types by grouping these classes according to their main components and naming them for their predominant constituent. These 5 habitat types were then projected in a geographic information system allowing us to determine the proportional use of each by lions.
Habitat types were therefore defined as follows. The 1st habitat type is bushed grassland (8.4% of total coverage represented as simple percentages hereafter), composed of 2 classes. These 2 classes are grassland (0.6%) containing all grass species in open glades that lacked woody vegetation; and bushed grassland (7.8%) containing Acacia sp.-Boscia albitrunca-mopane (Colophospermum mopane) bushed grassland and Combretum hereroense-Hyphaene bushed grassland. The 2nd habitat type is bushland (38.6%), composed of 2 classes. These 2 classes are scrub (0.1%) containing Combretum sp.-Boscia angustifolia, open scrub, and thicket; and bushland (38.5%) containing mopane-Combretum bushland, mopane bushland, mopane-Acacia sp.-Grewia bicolour stunted woodland, Acacia-Mundulea sericea bushland, Terminalia sericea-Lonchocarpus nelsii bushland, mopaneCombretum apiculatum bushland, T. sericea-Acacia erioloba bushland, and T. sericea-Baikiaea plurijuga bushland. The 3rd habitat type is wooded bushland (20%), composed of 2 classes. These 2 classes are wooded bushland (11.5%) containing mopane-Julbernardia-Combretum wooded bushland and Burkea africana-Pterocarpus angolensis bushland and woodland; and woodland-bushland-grassland mosaic (8.5%) containing mopane-Acacia-Combretum grassland to woodland in seasonally flooded areas, mopane-C. hereroense bushed grassland to bushland on basalt, mopane woodlandCombretum bushed grassland mosaic on ecotone Kalahari sands, and B. africana-Terminalia brachystemma bushland. The 4th habitat type is woodland (14.4%), comprising only woodland vegetation types and containing mopane-Acacia woodland, mopane-Commiphora marlothii mixed woodland on scree slopes, castle kopje mixed woodland and thicket, mopane-Combretum woodland, mopane-Terminalia prunioides woodland, riverine vegetation with Diospyros mespiliformis and Combretum mossambicense, and mopane-Vepris zambesiaca woodland. Finally; the 5th habitat type is thicket (18.6%), composed of 2 classes. These 2 classes are thicket (3.3%) containing Combretum-Bahia thicket and mopane-C. elaeagnoides thicket on Basement Complex; and woodland thicket (15.3%) containing Baikiaea-Combretum woodland thicket, ecotone Baikiaea-Combretum mossambicensis woodland, and thicket.
To disentangle the role of prey abundance and habitat characteristics in habitat selection by lions, for each vegetation type we estimated an index of prey abundance. We monitored abundance of herbivores in the study area since December 2002 using road counts following the line-transect method (Buckland et al. 2001) . Monitoring sessions were carried out in December (wet season), May-June (early dry season), and SeptemberOctober (late dry season). Study species included all potential prey: buffalo (Syncerus caffer), elephant (Loxodonta africana) less than 4 years old (frequently recorded as prey during drought years in HNP- Loveridge et al. 2006) , blue wildebeest (Connochaetes taurinus), zebra (Equus quagga [formerly burchelli]), common duiker (Sylvicapra grimmia), eland (Tragelaphus oryx), giraffe (Giraffa camelopardalis), kudu (Tragelaphus strepsiceros), impala (Aepyceros melampus), roan antelope (Hippotragus equinus), sable (Hippotragus niger), steenbok (Raphicerus campestris), warthog (Phacochoerus africanus), and waterbuck (Kobus ellipsiprymnus). We 1st calculated the kilometric abundance index for each prey species encountered during road transect counts (Maillard et al. 2001; Vincent et al. 1991) . This index represents an encounter rate per kilometer of road driven and was taken as a proxy for the rate at which lions encounter individuals of each species of prey when moving through the environment. To avoid any bias linked to the probability of detection of an animal depending on habitat type, we used only observations located within 100 m of transects. We then converted the abundance index into biomass by multiplying the unit mass (i.e., average mass of individuals in a population -Cumming and Cumming 2003) by the abundance of each of the prey species. We calculated the total prey kilometric biomass by adding the kilometric biomass of all species encountered for each vegetation type.
A geographic information system layer of all main water holes (all pumped water holes and the largest natural ones that retain water throughout the dry season in most years) was available. Water holes do not correspond to only 1 habitat type and were located predominantly between bushed grassland (23%), bushland (23%), and woodland (32%) vegetation types.
Habitat selection analyses.-We first evaluated whether lions selected specific habitats within their home ranges (3rd-order habitat selection). Resource use, estimated from lion global positioning system collar locations, was compared to resources at randomly sampled locations within lion home ranges using logistic regression models to develop resource selection functions (Boyce and McDonald 1999; Manly et al. 1993) . Home ranges were estimated using the local convex hull (LoCoH) nonparametric kernel method (Getz et al. 2007; Getz and Wilmers 2004) with heuristic value k 5 !n (where n is the number of points in the set). Home-range analyses were undertaken using the extension LoCoH version 2.1 for ArcView (version 3.2; ESRI [UK] Ltd. Millennium House, Aylesbury, United Kingdom). To characterize availability, we randomly generated points within each animal home range using the ''Generate Random Points'' option of Hawth's tools for ESRI ArcMap 9.2 (ESRI [UK] Ltd. Millennium House [Beyer 2007]) . We generated the same number of random points as the number of lion locations to achieve a 1:1 ratio of used-to-available sites. For each lion location and each randomly sampled point, we extracted the corresponding habitat structure type and distance to the closest water hole using ArcGIS 9.2 and ''geoprocessing'' and ''nearest neighbor'' extensions, respectively. Explanatory variables were lion identity, vegetation type, distance to water, and the interaction between vegetation type and distance to water. This 1st set of analyses was conducted for each season and data gathered on males and females were analyzed separately.
We then tested whether lions preferentially killed in some habitats (4th-order habitat selection). Lion kill site characteristics were compared to random locations, which were selected from lion locations excluding all points within the 150-m buffer imposed for kill site detection. We used logistic regression to model the probability of a site being a kill site as a function of lion identity, vegetation type, distance to bushed grassland (value is zero for a point in bushed grassland), and distance to the closest water hole. We preliminarily included a seasonal effect in interaction with these environmental variables but no seasonal effect was selected; hence, only global results are reported. We included 2nd-order interactions corresponding to plausible hypotheses about habitat selection; these were vegetation type * distance to bushed grassland and vegetation type * distance to the closest water hole. Data from both sexes were pooled because of the low number of males.
Statistical analyses were performed with SAS software (version 9.0; SAS Institute Inc. 2002) using the LOGISTIC procedure for binomial response. We selected the most likely model using Akaike information criteria (AIC- Burnham and Anderson 2002) . Relative strength of evidence of each model was assessed using Akaike weights (denoted w).
RESULTS
Mean seasonal home-range size was 646 km 2 (SE 5 57 km 2 ; range 5 8-1,232 km 2 ) for females and 811 km 2 (SE 5 109; range 5 181-2,608 km 2 ) for males. Bushed grassland was utilized more than twice as much proportionally as its availability, whereas all other vegetation classes were utilized at proportionally very similar levels to their availability (Table 1) . Prey abundance was consistently higher in bushed grassland, particularly in the early and late dry seasons (Fig. 1) . Third-order habitat selection (selection of specific habitats within home ranges) was best described by a model including the interaction of vegetation type and distance to water for both sexes in all seasons; this model dominated all comparisons (other relative weights were 0; Table 2 ). The interaction notwithstanding, bushed grassland was consistently selected over other vegetation types and lions selected habitats close to water holes (Fig. 2) .
Two hundred twenty-seven kill sites were clearly identified (148 for females and 79 for males). Buffalo (average body mass 450 kg), greater kudu (135 kg), young African elephant (100-500 kg), giraffe (750 kg), Burchell's zebra (200 kg), and sable antelope (185 kg) accounted for 85% of these kills (41.5%, 11.5%, 9.9%, 9.1%, 7.5%, and 5.5%, respectively). No single model was clearly the best explanation of 4th order selection, that is, selection of kill sites within habitats used. Four models had substantial Akaike weights: the model including vegetation alone, the model with both vegetation and distance to bushed grassland, the model with vegetation and distance to water, and the model including the vegetation * distance to water interaction were all supported (DAIC 2; Table 3 ). Given that these 4 models included the vegetation variable, we performed a model-averaging procedure for this predictor to provide unconditional estimates and confidence intervals (CIs) for each vegetation type. Lions preferentially killed in thickets and avoided killing in bushed grassland (Table 4 ). In the vegetation + distance to bushed grassland model, lions tended to kill closer to bushed grassland (Fig. 3) but the confidence interval included 0 (estimate 6 SE 5 20.00003 6 0.00004; Wald 95% CI 5 20.00012-0.00005). In the vegetation + distance to water model, lions did not tend to kill close to water holes (estimate 6 SE 5 0.00001 6 0.00007; Wald 95% CI 5 20.00011-0.00014). Because results on distance to grassland and distance to water were not clear cut (estimate 6 SE included 0 and Wald 95% CI included 0), we considered that the main factor influencing lion kill sites was vegetation type (Table 4) .
DISCUSSION
For lions of both sexes, bushed grassland was selected more than other habitat types at the 3rd-order habitat selection (selection for locations within home ranges) during all TABLE 2.-Summary statistics for models of resource selection function for African lions in Hwange National Park, Zimbabwe, at the 3rd order of habitat selection, that is, resource use was estimated from lion global positioning system collar locations and resource availability was estimated from randomly sampled locations within lion home ranges. Models in boldface italic type were the models providing the best fit. Park, Zimbabwe (2003 -2007 seasons. This finding was despite HNP being dominated by woody vegetation (92.1%-Rogers 1993) . Our results also showed that selection for locations within the home range was strongly influenced by the location of a water hole. Water sources are considered crucial in lion habitat selection in the Serengeti (Mosser et al. 2009 ). In arid and semiarid ecosystems such as HNP, herbivores tend to aggregate around scarce water sources (Thrash et al. 1995) , and for most herbivores, habitat selection is mainly influenced by distance to water (Valeix et al. 2009 ). Hence, predators have a greater chance of encountering prey in areas surrounding water holes. Water sources are often surrounded by a piosphere area (Lange 1969; Thrash and Derry 1999) ; however, heterogeneity is high within piospheres in HNP (Chamaillé-Jammes et al. 2009 ). In addition, not all water holes are located in bushed grassland areas in HNP (only 23%). Hence, water holes and bushed grasslands seem to influence lion habitat selection independently. Consequently, our results show that lions spend most of their time in bushed grassland areas and areas close to water holes within their home ranges. Given that bushed grassland areas are characterized by the highest prey abundance throughout the year and that prey select areas close to water holes (Valeix et al. 2009 ), our results strongly support the hypothesis that habitat selection within the home range is largely influenced by prey abundance. Similarly, Spong (2002) found that space use of lions in Selous Game Reserve, Tanzania, was driven mainly by the abundance of prey. Female cheetah (Acinonyx jubatus) in Kruger National Park, South Africa, also selected denser habitat for its attractiveness to their main prey species, impala (Broomhall et al. 2003) .
Previous studies have suggested that carnivores select habitats for attributes that increase probability of hunting success and hence, select habitat attributes increasing susceptibility of prey to predation (Balme et al. 2007; Hopcraft et al. 2005) . Although HNP lions preferentially selected bushed grasslands and spent most of their time moving within such rather open areas, where prey were most abundant, our results suggest that lions tended to avoid these bushed grassland areas for their kills. Instead, lion kills were preferentially made in thickets, characterized by dense vegetation. This use of thickets is likely because prey are easier to approach undetected in these areas (Hopcraft et al. 2005) . One possible hypothesis was that hunting lions prefer to be located in the dense vegetation adjoining bushed grassland areas, from where they can remain concealed while observing potential prey within bushed grasslands. Our results indeed suggest a preference for kills made in close vicinity to bushed grasslands. An alternative scenario could be that kills that occurred in bushed grassland habitat were then carried to a thicket where the actual feeding occurred. Because most kills in this study were large prey, it is unlikely that lions would have carried this prey over large distances. However, it is still possible that the kills occurred on the boundary between bushed grassland and denser vegetation, such as thickets, and were then carried a few meters into this denser vegetation. Thus, if lion habitat selection at the 3rd order is driven by prey abundance, habitat features characterizing good prey catchability seem to be selected when it comes to hunting behavior.
Although lions select thickets to kill prey, our results showed that they spend most of their time in bushed grasslands. It is likely that lions need to spend a significant amount of time in habitats where prey are abundant to mark and defend these prey hot spots in their home range. Because they are not efficient cursorial predators and rely on ambushing their prey, they may kill in the areas surrounding prey hot spots, but where the dense vegetation increases their hunting efficiency. To our knowledge, our study is one of the 1st attempts to assess the hierarchy of factors that drive habitat selection in a large territorial carnivore. Our study provides evidence that prey abundance influences habitat selection at the 3rd order of selection (locations within a home range), whereas when they hunt (4th-order habitat selection), large carnivore habitat selection might be influenced by where prey is easiest to catch. Hence, our study corroborates findings from recent studies on the importance of scale when studying habitat selection (Boyce 2006; Ciarniello et al. 2007 ). -Relationship between the distance to a bushed grassland vegetation type, and the probability of a site being a kill site for lions in Hwange National Park, Zimbabwe (2005 Zimbabwe ( -2007 .
